Highlights for Oxalate paper  Mixed microbial culture converts oxalate to biocompatible, biodegradable polymer  Oxalate to polymer conversion order of magnitude greater than any previously reported  Conversion tested at pH up to 9.5 and oxalate saturating concentrations  Conversion of waste product to marketable commodity
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Introduction
The development of useful products from industrial waste streams is of paramount importance if we are to improve our utilisation of the finite resources the planet provides. In an age with a focus on developing a 'low carbon emission' economy it would seem prudent to look at how we might re-utilise carbon based 'waste', particularly from industries that might contain carbon based wastes that are traditionally difficult to convert into non CO 2 products. For example, Porras et al. 1 have recently reported bioconversion of glycerol, a major by-product of the biodiesel industry, to a functional co-polymer.
Oxalate is a major waste product of the Bayer process, the first step in converting bauxite ore to aluminium. High temperature digestion of the bauxite with concentrated NaOH results in entrained organic matter decomposing to a variety of organic carboxylates including oxalate. [2] [3] [4] As the process liquor is recycled within the plant, the oxalate concentration at system equilibrium is usually saturating, resulting in co-precipitation of sodium oxalate with the product of interest, aluminium hydroxide (Al(OH) 3 Production of bacterial PHA is usually carried out using (relatively) reduced carbon species such as glucose or volatile fatty acids and a pure microbial culture. The latter introduces significant production costs but substantial savings can be achieved by the use of mixed microbial cultures (MMC), rather than pure cultures. MMC do not require expensive sterile cultivation techniques, are relatively more robust, and self-regulating; all important attributes on an industrial scale. 10, 12 Selective pressure is used to enrich the MMC with microorganisms exhibiting the desired metabolic activity and enriched MMCs, initially derived from municipal waste water treatment plants, have recently been utilised for the conversion of wastes such as sugar cane molasses, 13 fermented paper mill wastewater, 14 olive mill wastewater 15 and crude glycerol 16 to PHAs. The other major cost in PHA production is that of the carbon feedstock (up to 40 % of cost of production). 10 Waste streams represent a relatively inexpensive feedstock, further reducing overall costs.
Oxalatrophic bacteria, which are present in waste water treatment MMC, have recently been
shown to pass influent oxalate into a PHA production pathway, albeit in a small amount (< 0.5%) under non-PHA accumulating conditions. 17 This suggests that increased PHA production is possible if PHA accumulating conditions are applied. The nitrogen content in Bayer liquors is in the order of 0.68 % of total organic matter 18 and most of this occurs as quinolone and pyridine derivatives that are not readily bioavailable. Thus, the C/N ratio in a Bayer liquor appears favorable for conversion of carbon to PHA and a troublesome waste compound could be turned into a valuable resource if the oxalate to PHA conversion rate can be improved and conversion costs minimized.
The aim of this study was to selectively enrich a MMC from a typical wastewater treatment plant and produce PHA using oxalate as the sole carbon source. Development of such cultures represents a significant opportunity to valorise the waste stream for industries that produce oxidised forms of carbon as a by-product of normal production processes.
Materials and methods
Mixed microbial liquor from a local Perth wastewater treatment plant was grown under enriching conditions in 1 L sequencing batch reactors with a 600 mL sludge blanket. Cycle times were 2 min fill, 445 min aeration and stirring, 31 min settling and 2 min decant. Two feeds were supplied:
for growth encouraging conditions using oxalate as the major carbon source, Na 2 C 2 O 4 1080 mg/L and NaNO 3 254 mg/L were added (4.7 C/N mass ratio) and for storage encouraging conditions, Na 2 C 2 O 4 1080 mg/L and NaNO 3 10 mg/L were added (120 C/N mass ratio). Full details of reactor operation and feed can be found in the Supporting Information.
PHA was detected qualitatively with Sudan Black staining, quantified from lyophilised biomass using the GC-MS method detailed in Smolders 19 and extracted unmodified 20 for identification by NMR analysis. Full details are provided in Supplementary Information.
Oxalate in the reactor liquor was analysed by GC-MS after conversion to its butyl ester. For quantitative analysis a 50 mM standard was prepared from AR grade sodium oxalate and diluted to produce standards of appropriate concentrations for external calibration. A detailed procedure can be found in the Supplementary Information.
Results and Discussion
Applying storage encouraging conditions to a wastewater treatment plant MMC fed with oxalate as the sole carbon source resulted in significant accumulation of PHB. Cultures were fed oxalate under growth encouraging conditions until a pseudo steady state was reached approximately 30 days post inoculation ( Fig. 1) at which time the feed was switched to storage encouraging conditions, i.e. limited nitrogen supply. samples indicated that up to 4.5 % w/w PHB was being stored within cells (Fig. 2) . This result represents an order of magnitude increase in PHB accumulation where oxalate was the only carbon source. 17 A PHB yield of 4.5 % w/w may not appear extensive when compared to some reports but, as Porras et al. 1 have recently pointed out when discussing their 30 % w/w yield from their pure culture of a marine strain of Bacillus megaterium, factors such as tolerance to adverse environmental conditions, ease of culture, and simplicity of nutritional requirements also need to be taken into account when assessing the success of using particular bacterial strains for the conversion of wastes to useful products. That mixed microbial cultures fed exclusively on oxalate can accumulate the same PHA manufactured when acetate is used as the sole carbon source 21 implies that the enriched microbial populations that developed must contain microbes that can both shunt the oxalate into the PHB biosynthetic pathway and reduce it to 3-hydroxybutyrate. This process is in stark contrast to the 'normal' behaviour shown for oxalotrophs isolated from bacterial communities present in Bayer liquors where oxalate was oxidised to CO 2 . 6 In a full metabolic study of the oxalate consuming microbe Methylobacterium extorquens AM1, Schneider 17 has shown that oxalate reduction can indeed occur in these organisms, albeit to a very small extent. In that work 92 % of influent oxalate was converted to CO 2 while less than 0.5% was accounted for as PHB generated via reduction to glyoxalate and incorporation into the ethylmalonyl-CoA pathway. The small amount of PHB was not a result of the culture being unable to produce the polymer as the same culture yielded 2.36 % and >13 % PHB when supplied with methanol or acetate, respectively, as a substrate. 17 The increased PHB production most likely reflects the improved utilisation of the more reduced carbon sources and occurred with a C/N mass ratio of 4. These are not typical conditions promoting PHA accumulation and the present study represents the first report of a significant conversion of oxalate to a PHA under storage promoting conditions.
The question of which microbes are present in our enriched, oxalate-fed, PHB producing, cultures is still under investigation but it has been previously observed that these types of cultures are Meganema perideroedes, -Proteobacteria; and Thauera sp., -Proteobacteria), observed by Dionisi et al. 23 in an enriched PHA producing MMC that originated as a mixed culture from a wastewater treatment plant and maintained on a mixture of acetic, lactic, and propionic acids. The similarities in the types of bacteria observed in both Bayer liquor and PHA producing MMC indicate that a similar suite of microbes is likely to be active in converting oxalate into PHA in our culture.
The mass fraction of PHB in the biomass of the oxalate fed culture increased as the free oxalate concentration decreased over 2 feed cycles (Fig. 2) . The observed increase of PHB accounts for 3.6 % of the total oxalate removed during the two step feeds shown (solid sodium oxalate added at 0 hours and 3 hours) indicating that the majority of feed is being used in energy generation. While increases in PHB were observed under all relevant experimental conditions, the greatest amount of polymer was produced with very high (in excess of 30 mM) concentration of oxalate.
An important feature of Bayer liquors is their high pH. While a synthetic feed was used in this study, it is worth knowing if the uptake by this culture was affected by pH. The culture was subsequently exposed to very high concentrations of oxalate (saturating, 280 mM) and/or elevated pH (8.5, 9.3, or 10.0). The rate of uptake of oxalate under elevated pH, elevated oxalate, or elevated oxalate and pH conditions were all as for the maintained culture (that is, ~ 1.5 mmol oxalate/g X/h). Linear removal of oxalate from solution was observed, consistent with substrate saturation and, hence, apparent zero order chemical kinetics.
While conversion of oxalate to PHB has been confirmed in this culture, the actual amount of polymeric material produced is low compared to that produced from MMC fed with more reduced carbon sources such as acetate or glucose. Oxalate is not a particularly rich energy source for microbes (due to its lack of oxidisable hydrogen) and relatively more oxalate must be oxidised to provide the energy necessary for uptake of oxalate from the surroundings. In the case of acetate, A potential way to increase the amount of PHB accumulated would be to use a mixed feeding regime, for example oxalate plus a more reduced carbon source. In the Bayer liquor reactors studied by McSweeney et al., 22 the feedstock is a combination of acetate, formate, malonate and succinate at concentrations of ~ 1 g/L each. The authors of that study suggest that a secondary carbon source is required in order for the Halomonas microbes to oxidise oxalate. Two of the strains identified were shown to be able to grow on non-oxalate carbon sources but were also able to simultaneously oxidise citrate and oxalate, and growth was maximised on a combination of oxalate and another carbon source. We speculate that the supply of a more reduced substrate to our culture, such as formate or acetate, in combination with oxalate, may enhance oxalate conversion as the more reduced form could be preferentially used for growth and energy production with oxalate shunted to PHB production.
Conclusion
Finding ways to produce useful products from industrial waste streams is of paramount importance if we are to improve our utilisation of the finite resources the planet provides. In an age where there is a focus on developing a 'low carbon emission' economy it would seem prudent to look at how we might re-utilise carbon based 'waste'. The non-trivial production of PHB from oxalate (4.5 % by mass vs less than 0.5 % previously) reported here is exciting and indicates that this significant industrial waste product may be converted into a useful by-product using mixed microbial cultures. With the knowledge that there is a known metabolic link between the production of PHB and uptake of oxalate it should be possible to improve the PHB yield beyond that reported here using co-feeding techniques or multi-stage bioreactor cascades. These results provide hope that traditional 'heavy' industry may be able to utilize MMC technologies to valorise waste streams containing non-VFA carbon.
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